1. Introduction {#sec1}
===============

Tropical forests are important in Ecuador due to the expanse of land they occupy, the ecological values they encompass, the multiple benefits and goods they produce and the fact that they are recognized as some of the richest in the world in terms of tree species ([@bib76]). Amazon forests are part of the natural capital that serves as the subsistence of many local communities ([@bib70]) and in turn provide ecosystem services such as the connectivity of fragmented landscapes, the regulation of water cycles and biodiversity conservation. These ecosystems are characterized by being rich in tree species, with multiple direct and indirect benefits as a source of timber and non-wood resources and differ in their characteristics in terms of composition and structure ([@bib16]; [@bib51]).

In this context, studies on forest composition, structure and dynamics represent an initial step towards gaining knowledge of these forests ([@bib2]; [@bib21]; [@bib69]). Associated with this initial step, a theoretical basis can be built to support the practices of management and conservation of forest resources as a starting point for the determination of criteria, conservation and recovery methods ([@bib28]). Vegetation structure patterns and ecosystem processes have been identified as essential components for the long-term survival of natural systems ([@bib61]). Knowledge of the vegetation\'s structure and composition provides important information on species that are more susceptible to disturbances in a given region and helps to predict succession patterns ([@bib4]; [@bib66]) and make decisions about the application of management techniques ([@bib52]; [@bib53]).

Amazonian evergreen forests are characterized by a complex and poorly understood structure ([@bib25]), thus studies are needed to understand the behavior of patterns of ecological and spatial heterogeneity structure. These patterns suffer alterations, mainly due to deforestation practices, changes in land use, the expanding agricultural frontier and cattle ranching ([@bib8]; [@bib10]; [@bib59]; [@bib60]). Human exploitation across a gradient of increasing intensities alters composition, landscape structure, habitat quality and ecosystem services ([@bib23]; [@bib47]; [@bib72]). The forest ecosystems that make up the upper Puyo River micro-basin have not been heavily studied. Moreover, these ecosystems are vulnerable, since human activities related to agriculture and cattle ranching bring about the progressive degradation of this reservoir that forms part of the important functions and services derived from the micro-basin ([@bib46]). This constitutes a threat to the integrity of the ecosystem, its services, biodiversity, structure and hydrological functions. Hence, the objective of this work was to characterize the patterns of ecological structure and species distribution as a criterium for defining a structural ecological quality index in an evergreen Amazonian-Andean forest in the upper Puyo River micro-basin. This new index has a wide application in forest ecology as it provides real value as a measure one can take to evaluate the current state of a forest in succession. It provides relevant information for decision-making regarding the restoration of degraded ecosystems, which aids the conservation of Amazonian biodiversity.

2. Materials and methods {#sec2}
========================

2.1. Location {#sec2.1}
-------------

The study was conducted of an evergreen Amazonian-Andean peri-urban forest in the upper Puyo River micro-basin. This is found within the hydrographic demarcation of the Pastaza River where the water catchment of the Pindo Mirador Biological Station is located, in the foothills of the community named 24 de May and within the buffer zone of the Llanganates National Park, Mera canton, Pastaza province, Ecuador ([Figure 1](#fig1){ref-type="fig"}).Figure 1Geographical location of the study area comprising an evergreen foothills forest in the upper Puyo River micro-basin, Pastaza, Ecuador, South America.Figure 1

2.2. Study area characteristics {#sec2.2}
-------------------------------

The predominant bioclimatic conditions vary between humid and hyper-humid rainforests ([@bib46]), with an average annual temperature of 23 °C and an annual rainfall of 411.9 cm. The lowest precipitation occurs from January to April, while the highest occurs from May to July and the temperature varies throughout the year. The average altitude where the sampling areas were established was 1228.72 m above sea level (masl). The geographic and physiographic characteristics of the study areas are presented in [Table 1](#tbl1){ref-type="table"}. The coordinates, altitude and gradient were taken with a GPS RTK of 1 cm precision.Table 1Geographical and physiographical characteristics and degree of disturbance of five transects in an evergreen foothills forest.Table 1TransectGeographic coordinatesAltitudeGradientLevel of disturbanceXY(masl)(%)T182546298399711122.420HighT282548898400771221.315HighT382558198400221234.810LowT482582298301321272.645MediumT582574998402091292.530Medium**Total**

2.3. Floristic list {#sec2.3}
-------------------

The Gentry transect model ([@bib30]) was adapted and used to perform a floristic inventory. Thus, five permanent transects of 0.1 ha (10 m × 100 m), oriented in the direction of the maximum slope separated by intervals of 100 linear meters were implemented, considering logistical, economic and precision factors ([@bib62]; [@bib68]) for this type of periurban forest; where all species ≥10 cm in diameter at 1.30 m height (DBH) were registered. Botanical identification was made possible with the collaboration of local botanists, the accuracy of species names was assessed by cross-referencing the original dataset with current determinations of collections stored at the Herbarium ECUAMZ from Universidad Estatal Amazónica and confirmed by specialized platforms accessible through the Tropicos database (<http://www.tropicos.org>); The Plan List (TPL) (<http://www.theplantlist.org/>) and the classification system proposed by the Angiosperm Phylogeny Group ([@bib5]).

In addition, systematic sampling was used to install the transects by considering the accessibility, topography and lack of floristic information about the study area, based on satellite images, orthophotos from SIGTIERRAS and topographic maps at a scale of 1:50,000 from the Military Geographic Institute (IGM for its Spanish initials) and also considering the experiences of similar studies carried out by [@bib69] and [@bib56] along the altitudinal gradient of an evergreen foothills forest in the Amazon Region.

The disturbance was evaluated by direct observation in the transects ([Table 1](#tbl1){ref-type="table"}), whereby a value of 1 represented no disturbance, 2 meant a slight disturbance, 3 meant moderate disturbance and 4 was high disturbance. The types of disturbance were: selective logging, extraction of firewood, presence of early successional species, extraction of non-timber forest products, and forest clearings by landslides or the effects of the wind. With this information, three levels of disturbance were established (high, medium and low), based on those established by [@bib33]. The level was considered high when the disturbances were severe (at least 4 disturbances with scores of 4), medium when they are moderate (3 disturbances that scored less than 2) and low when disturbances were scarce or absent.

2.4. Structural parameters {#sec2.4}
--------------------------

From the inventory information parameters associated with the vertical and horizontal structure, the vertical structure was analyzed according to height range, for which we employed the relative social position index (RSPI) ([@bib35]). The horizontal structure was described through the distribution of diameter classes where the mixing ratio (MR) and ecological importance value index (IVI) were calculated ([@bib49]). To define height range, the following three strata, were established according to the criteria of [@bib37]: lower stratum (h ≤ 10 m); middle stratum, in which h was found in a range of 10--20 m; and upper stratum (h \> 20 m). The diameter classes were established with 10 cm width ranges, where the number of individuals belonging to each class was grouped according to outer limits. This was achieved using the methodology described by ([@bib43]).

The RSPI of each tree species was determined using Finol\'s methodology ([@bib26]) by considering the total number of individuals for each substratum. For this calculation, the phytosociological value of the substratum was needed, which was obtained using VF = n/N, where VF: phytosociological value of the substratum; n: number of individuals from the substratum and N: total number of individuals from all species. With this value, the absolute social position of the species was calculated through PSa = VF(l)∗n(l)+VF(m)∗n(m)+VF(u)∗n(u), where PSa: absolute social position; VF(l), VF(m), VF(u): phytosociological value of lower, middle and upper substratum, respectively; n(l), n(m), n(u): number of individuals in the lower, middle and upper substratum, respectively. The RSPI was obtained from the percentage of each species as a function of the total sum of the absolute values. This index reports the decline of community species driven by disturbances ([@bib35]), low reproductive potential and the predominant vertical distribution pattern ([@bib49]). The MR was calculated by: MR = Number of species/Number of trees ([@bib40]). This expressed the degree of homogeneity or heterogeneity in the floristic composition ([@bib6]).

The IVI was obtained using the sum of the phytosociological parameters based on the criteria of ([@bib49]). This was calculated as follows: IVI = RA + RD + RF, where IVI: importance value index; RA: relative abundance; RD: relative dominance and RF: relative frequency. Relative abundance was calculated thus: RA= (n/N)∗100, where n: Number of individuals of each species; N: Total number of individuals. Relative dominance was found by RD=(Ga/GT)∗100, where Ga: basal area of each species and GT: total basal area. The basal area was determined as Ga=(π/4)∗(d~1.30~)^2^. The relative frequency was obtained by considering that: RF=(aF/TF)∗100, where aF: absolute frequency and TF: total frequency. This index allowed us to identify the species with the highest ecological value in the forest and the existence of disturbance indicator species ([@bib13]; [@bib34]). The aforementioned indices provide relevant elements of forest structure, however, it was important to develop a new index that provides complete information on ecological succession.

2.5. The new structural quality index {#sec2.5}
-------------------------------------

The new index was made possible by evaluating on a scale of 1--3 the following parameters: relative ecological position, ecological importance value index, mixing ratio and abundance of species in disturbed places (ASDP). As regards REP, a score of 1 was given when more than 60% of the species were present in a single stratum, 2 was given if 40--60% of the species were found in a single stratum and 3 meant there was a proportional relationship of the number of species present in the three strata. When the value assigned was lower, this reported the species alteration in the vertical structure of the community ([@bib11]; [@bib33]) as a result of the disturbances. In relation to the IVI, a score of 1 was given when more than two species of secondary forest occupied high ecological positions, in which this position was considered from the registration of the ten first species with greater ecological, value 2 was scored if at least one species of secondary forest occupied a high ecological position and 3 if no species of secondary forest were found within the high positions. The category of secondary forest species was granted for those species that had little variation in diameter distribution, a low basal area, a regular canopy height and a high abundance in cleared areas. The lowest value of this component indicated the low ecological value of the most important species represented in the stands ([@bib49]). For MR, the score of 3 was given when more than 50% of the diameter classes resulted in a ratio greater than 1:3, 2 if 40--50% of the diameter classes resulted in a mixing ratio between 1:3 and 1:5, and 1 if less than 40% of the diameter classes were a ratio of 1:3 and 1:5. Low values were assigned to measure the result of a heterogeneous environment that has suffered alterations due to the historical succession of the stands ([@bib3]; [@bib49]). Lastly, the ASDP was rated 3 when no disturbance indicator species were reported in the evergreen forest area, 2 if one to three were present and 1 if there were more than three disturbance indicator species. The lowest value of ASDP was assigned to estimate the scarce impact that ecological succession has had on species richness in the community ([@bib7]; [@bib56]; [@bib64]; [@bib74]). The maximum score for the four structural parameters (3) corresponded to the desired state for the ecological structure of the evergreen Amazonian-Andean forest of the Puyo River micro-basin and the lowest score (1) when alterations and disruption in the ecological structure occurred.

The new structural quality index was expressed in relative terms and ranged from 1 to 3, in which 3 signified a forest with high structural ecological quality, because it maintains its structure and is well preserved, so does not require restoration activities. A score of 2 denoted a forest with medium structural ecological quality, due to the progressive alteration of its structural parameters and, therefore, restoration activities are necessary. A score of 1 indicated low structural ecological quality due to the total or partial rupture of its structural parameters, so it requires restoration activities. A new ecological index called Structural Ecological Quality Index (SEQI) was calculated by means of the following equation: SEQI = (REP + IVI + MR + ASDP)/4. This index provides a real value as a measure one can take to evaluate the successional state of a forest, which facilitated making decisions regarding restoration needs.

2.6. Information processing {#sec2.6}
---------------------------

With the data on the abundance of species for each transect, a hierarchical dendrogram was carried out, based on the Bray-Curtis measures, which allowed for the classification of ecological groups. This was made possible by the statistical program SPSS ver. 22.0, which allows one to calculate diversity measures for a sample data set. The information regarding species matrix and study transects was processed by analyzing the main components using the CANOCO version 5.0 ecological program. The purpose of this was to determine which species contributed most to the abundance of each transect and to measure correlations between study areas.

3. Results {#sec3}
==========

The results of the inventory reported a total of 30 botanical families, 65 species and 322 individuals in the area of 0.5 ha (For more details, see Supplementary Material 1). The floristic list included the presence of many families with low species representations. 15 families, which made up 50% of the total inventory, were represented by a single species (Araliaceae, Asteraceae, Boraginaceae, Celastraceae, Cyatheaceae, Elaeocarpaceae, Lamiaceae, Lecythidaceae, Phyllanthaceae, Proteaceae, Rosaceae, Rutaceae, Sapotaceae, Sapindaceae and Siparunaceae). The families with the largest number of species were: Fabaceae (8), Lauraceae (5) and Urticeaceae (5), which represented 27.69% of the total species. The families with the highest number of individuals were Arecaceae (101), Euphorbiaceae (58) and Melastomataceae (33), together accounting for 59.63% of the total. The three species with the highest number of individuals in all five transects were: *Wettinia maynensis* (98)*, Alchornea glandulosa* (50) y *Miconia splendens* (25).

The average distribution of individuals with diameter at 1.30 m height d~1.30~ ≥ 10 cm by height and diameter classes was irregular ([Figure 2](#fig2){ref-type="fig"}, a and b). The height behavior of the trees resembled a bell-shaped curve with values between 4 and 30 m. The height range indicated that the intermediate stratum (10--20 m) was the most represented (45 average of individuals/0.5 ha), followed by the lower stratum (≤10 m) (18 average of individuals/0.5 ha), and finally the upper stratum (\>20m) (1.4 average of individuals/0.5 ha). In the lower stratum, there were more individuals in the 8--10 m class and fewer in the 4--6 m class. In the middle stratum, the largest number of individuals was in the 10--12 m range and the smallest in the 18--20 m class. In the upper stratum, the maximum number of trees was found in the \>24 cm class and the smallest in the 22--24 m class.Figure 2Distribution of the average number of individuals by height class (a) and diameter class (b) in five 0.5 ha transects of an evergreen foothills forest.Figure 2

The distribution of individuals per diameter class showed a behavior similar to a curve in the form of an inverted J. It is notable that the largest number of individuals occurred in the lower diameter class (10--20 cm). It was found that the trees showed a tendency to decrease the number of individuals as diameter at 1.30 m height (d~1.30~) increased. In the first diametric class (10--20 cm), the distribution of average number of individuals was 42.4; in the second (20--30 cm), it was 12.2; in the third (30--40 cm), it was 5.4; in the fourth (40--50 cm), it was 2.8; in the fifth (50--60 cm) it was 1; in the sixth (60--70 cm), it was 0.4; in the seventh (70--80 cm), it was nil; and in the eighth (\>80 cm), it was 0.2.

Using the dispersion diagram, we verified the point distribution trend in a concentrated manner, which denotes the absence of defined clusters. The trees\' behavior displayed a continuous stratum without demarcation of substrata ([Figure 3](#fig3){ref-type="fig"}). The dominant trees in this forest, with values above the average tree mass, reached heights of more than 22 m. Only three species (*Alchornea glandulosa, Dacroydes olivifera* and *Inga velutina*) were dominant trees with few individuals (7) (highlighted in red). This forest was distinguished by the predominance of the social class of co-dominant trees (trees forming the general level of the tree canopy), although the presence of suppressed trees (trees with crowns below the general level of the tree canopy) is notable.Figure 3Scatter plot showing the distribution trend of trees in relation to total height and crown insertion height of an evergreen foothills forest wit dominant trees highlighted in red.Figure 3

According to the relative social position index (RSPI), the species *Wettinia maynensis, Alchornea glandulosa, Inga velutina, Miconia spendens, Piptocoma discolor* y *Dacroydes olivifera,* had higher values than the other species in the floristic list (68.75; 15.41; 3.82; 3.72; 3.10 and 2.45%, respectively, for more details, see Supplementary Material 2). The species *Wettinia maynensis, Alchornea glandulosa, Inga velutina* y *Dacroydes olivifera* presented continuous vertical distribution (presence in the three substrata). In contrast, we also found a large amount of unrepresentative species, which were present in only one substratum and had low RSPI (*Cecropia marginalis, Cecropia sciadophylla, Siparuna poeppigii, Casearia arborea, Zanthoxylum riedelianum, Chimarrhis glabriflora, Hieronyma alchorneoides, Roupala montana, Sorocea pubivena, Ficus paraensis, Guarea purusana, Guarea kunthiana, Calyptranthes bipennis, Aniba hostmanniana, Aegiphila cordata, Nectandra cissiflora, Inga nobilis, Stryphnodendron porcatum, Lonchocarpus seorsus, Maytenus macrocarpa, Protium sagotianum, Unonopsis veneficiorum, Rollinia chrysocarpa* and *Duguetia hadrantha*). The highest percentage of species (78.46%) was present in a single stratum (51 species), 15.38% were shared between two strata (10 species) and only 6.15% of the species were present in all three strata (4 species) ([Figure 4](#fig4){ref-type="fig"}).Figure 4Percentage of species represented in each forest substratum as a measurement for defining the vertical distribution pattern. Species present in one stratum (A), species present in two strata (B), and species present in three strata (C).Figure 4

The mixture ratio reported that as diameter at 1.30 m height (d~1.30~) decreases, the value tends to increase, reaching a maximum of 4.71. The mixing ratio resulted in a higher proportion (1:5) for the diameter class (10--20 cm), meaning that for every five individuals, it is possible to find a different species. In the upper classes (\>60 cm), this proportion was lower and indicated a greater heterogeneity of species ([Table 2](#tbl2){ref-type="table"}).Table 2Mixing ratio (relationship between species and individuals) by diameter classes in a 0.5 ha area of an evergreen foothills forest.Table 2Diameter Class (cm)Number of SpeciesNumber of IndividualsMixing Ratio10--20452124.71 (1:5)20--3026612.34 (1:2)30--409273.0 (1:3)40--508141.75 (1:2)50--60351.66 (1:2)60--70221.0 (1:1)70--80000.0 (0:0)\>80111.0 (1:1)

Among the ten species of greater ecological value, which represented 15.38% of the flora present*, Wettinia maynensis, Alchornea glandulosa* and *Piptocoma discolor* ([Figure 5](#fig5){ref-type="fig"}) occupied the first three positions with IVI values of 46.65, 39.73 and 19.22, respectively. A variation in abundance, dominance and frequency was discovered. The three species stood out due to their high frequency and, fundamentally, for their high abundance, together making up 28% of the importance value. The high ecological position occupied by floristic elements that typify events of ecological succession, determined by their high abundance (*Piptocoma discolor, Miconia splendens, Inga velutina* and *Inga multinervis*) is significant. Similarly, the species *Dacroydes olivifera, Sapium glandulosum and Inga multinervis* were distinguished by their dominance (trees with large dimensions). The rest of the species (55), which represented 84.62% of the flora found, presented an IVI of less than four, reflecting their scarce representation in the physiognomy of the forest.Figure 5Representation of the ten species of greatest ecological importance based on abundance, dominance and relative frequency in the upper area of the evergreen foothills forest. IVI (ecological importance value index), RA (relative abundance), RD (relative dominance), RF (relative frequency).Figure 5

The principal component analysis (PCA) resulted in eigenvalues of 0.36 and 0.27 for the first two axes, and a high inertia value (51.85), which indicated a high correlation between sampling units and abundance of species. Between the first two axes, 64% of the total variance was explained and only the first component 36% of the total variability of the data ([Table 3](#tbl3){ref-type="table"}). The spatial arrangement diagram ([Figure 6](#fig6){ref-type="fig"} a) described a pattern of spatial distribution determined by abundance of species, showing a low correlation between species grouped in T5, T1 and T4 (they formed an approximate angle of 90 °). In these sites, the predominance of rare species was reported due to their scarce presence (*Cordia panamensis, Duguetia hadrantha, Guarea kunthian, Guarea purusana, Endlicheria serícea, Eschweilera caudiculata, Hieronyma alchorneoides, Isertia laevis, Matisia longiflora* and *Maytenus macrocarpaen*), and these also contributed to the species richness. Through the hierarchical dendrogram, with 50% similarity in abundance of species ([Figure 6](#fig6){ref-type="fig"} b), two ecological groups were identified, one consisting of T1, T2, T4 and T5 and the other of T3. The two groups were differentiated for their physiognomy, ecological structure, floristic composition, conservation status, topography and location in the study area.Table 3Results of the explained variance of the Principal Component Analysis showing the axis correlation between sampling units and species abundance.Table 3Axes1234Total Variance (Inertia)Values0.36580.27490.20490.154451.85559Explained variance (accumulative)36.5864.0784.56100.00Figure 6Spatial arrangement diagram based on the Principal Component Analysis showing the distribution of species in the study transects (a), and hierarchical dendrogram with the classification of vegetation groups according to species abundance (b). *Laetia procera (LaetProc); Inga ilta (IngaIlta); Sapium glandulosum (SapiGlan); Cecropia membranácea (CecrMemb); Aegiphila cordata (AegyCord); Cyathea lasiosora (CyatLasi); Chimarrhis glabriflora (ChimGlab); Aniba hostmanniana (AnibHost); Cecropia sciadophylla (CecrScia); Allophylus floribundus (AlloFlor); Piptocoma discolor (PiptDisc); Miconia dielsii (MicoDiel); Ficus paraensis (FicuPara); Cecropia ficifolia (CecrFici); Nectandra membranacea (NectMemb); Ocotea cernua (OcotCern); Bactris setulosa (BactSetu); Tovomitopsis membranacea (TovoMemb); Calyptranthes bipennis (CalyBipe); Inga nobilis (IngaNobi); Inga venusta (IngaVenu); Ficus trigona (FicuTrig); Guatteria guianensis (GuatGuia); Roupala montana (RoupMont); Alchornea glandulosa (AlchGlan); Miconia splendens (MicoSple); Rollinia chrysocarpa (RollChry); Prunus debilis (PrunDebi); Siparuna poeppigii (SipaPoep); Sloanea meianthera (SloaMeia); Protium sagotianum (ProtSago); Sapium marmieri (SapiMarm); Cordia panamensis (CordPana); Trichilia pallida (TricPall); Guarea purusana (GuarPuru); Stryphnodendron porcatum (StryPorc); Unonopsis veneficiorum (UnonVene); Lonchocarpus seorsus (LoncSeor); Guarea kunthiana (GuarKunt); Duguetia hadrantha (DuguHadr); Wettinia maynensis (WettMayn); Sterculia colombiana (SterColo); Oreopanax palamophyllus (OreoPala); Calliandra trinervia (CallTrin); Hieronyma alchorneoides (HierAlch); Isertia laevis (IserLaev); Nectandra cissiflora (NectCiss); Sorocea pubivena (SoroPubi); Cecropia marginalis (CerMa); Tovomita weddelliana (TovoWeda); Casearia arborea (CaseArbo); Pouteria torta (PoutTort); Matisia longiflora (MatiLong); Endlicheria sericea (EndlSer); Psychotria cuspidulata (PsyCusp); Maytenus macrocarpa (MaytMarc); Inga multinervis (IngaMult); Eschweilera caudiculata (EschCaud); Miconia rivalis (MicoRiva); Dacryodes olivifera (DacrOliv); Inga velutina (IngaVelu); Pourouma tomentosa (PourTome); Quararibea* cordata (QuarCord); *Duguetia spixiana (DuguSpix).*Figure 6

It was shown that T5 had the greatest abundance of species (size of circles, [Figure 7](#fig7){ref-type="fig"}), followed by T4 and T1, then T2 and finally T3. The transects T1 y T2 had greater disturbance and at the same time greater abundance of species but were, for the most part, dominated by intermediate pioneer species, typical of forest clearings or open areas. Notable species there included those from the genera *Cecropia, Pourouma, Piptocoma, Inga* and *Miconia*. On the other hand, T3 was the area with the highest conservation status. Few species were evidenced and they were mainly species of primary forest, such as *Wittinia maynensis, Bactris setulosa* and *Sterculia colombiana*. The species that showed the greatest abundance were *Wittinia maynensis, Alchornea glandulosa, Miconia splendens, Piptocoma discolor, Inga velutina* and *Dacroydes olivifera*.Figure 7Distribution of species abundance in study transects by spatial management analysis (An increase in the size of the circles indicates a greater number of species).Figure 7

The structural ecological quality index proposed by the authors of this research project resulted in a value of 1 on a scale of 1--4. This result is due to the fact that more than 60% of the species reported in the inventory were present in a single stratum (78% of species in a single stratum according to [Figure 4](#fig4){ref-type="fig"}). More than two species of secondary forest occupied a high ecological position, taking into account the first ten ecological positions (four species reported with high IVI in [Figure 5](#fig5){ref-type="fig"}). The mixing ratio reported that less than 50% of the diameter classes presented a proportion greater than 1:3 (only two diameter classes of the eight reported in [Table 1](#tbl1){ref-type="table"} presented a ratio greater than 1:3, which reflected 25% of the total diameter classes). Furthermore, the abundance of species in areas with disturbances reflected that at least three disturbance-indicating species abound in disturbed areas (the following genera were found: *Cecropia, Pourouma, Piptocoma, Inga* and *Miconia*, [Figure 7](#fig7){ref-type="fig"}).

4. Discussion {#sec4}
=============

The floristic composition of the upper zone of the evergreen foothills forest of the Puyo river micro-basin, represented in the floristic list table, indicated a characteristic pattern of tropical humid forests ([@bib20]; [@bib44]), where there is a high richness of species and low abundance. The disproportionate distribution in terms of number of families, individuals and species in the evergreen foothills forest in the upper Puyo River micro-basin is due to the levels of disturbance and the state of ecological succession ([@bib12]; [@bib17]; [@bib31]; [@bib33]; [@bib77]), that was evidenced in the study areas. The pattern of richness found in this study confirmed what has been reported in general for the tree communities of the Amazon rainforest ([@bib15]), where few species are abundant.

The results obtained in terms of floristic composition and ecological structure in the evergreen foothills forest in the upper Puyo River micro-basin are encouraging, because there are no up-to-date floristic reports in this important forest area. It is recognized for its significant protective and hydrological functions, subject to high rates of wood extraction and sensitive to endogenous factors such as landslides and heavy rains that cause the tallest trees to fall. These factors are responsible for the forest\'s state of ecological succession and its complex floral composition. The floristic composition at the level of botanical families determined that it is a forest in which many species dominant. These species are represented by few individuals, which is in line with [@bib34] and [@bib67], who reported that in this type of ecosystem, one fundamental characteristic is the large number of species represented by few individuals, with complex spatial patterns. It is also consistent with the data obtained by various authors in Amazonian evergreen forests where the Arecaceae and Euphorbiaceae families are presented as the most abundant, indicating a good correspondence between genera and abundant families. The high representativeness of the Arecaceae family was due to the abundance of palm species. This is consistent with the richness reported in Amazonian ecosystems by various authors ([@bib56]; [@bib58]; [@bib65]; [@bib69]; [@bib75]), where the presence of *Wettinia maynensis* was found to be highly distributed in all the sites of our study. In this study, the Melastomataceae family appears as one of the most represented, distinguished by a group of perennial shrubs and arboreal species ([@bib55]) that appear to be opportunistic in places where there is a high disturbance, as in this study.

The irregular distribution reported for tree height and diameter, which is an indicator of the heterogeneity present in this Amazonian forest ecosystem ([@bib15]; [@bib21]; [@bib27]; [@bib45]). The high density of individuals in the middle and lower strata are consistent with those reported by various authors ([@bib3]; [@bib25]; [@bib42]), who mention a greater number of individuals in the lower strata, with a characteristic pattern determined by a progressive decrease in the number of individuals as height increases. The differences observed in the height classes reflect the characteristic physiognomy of the evergreen Amazonian foothills forest in the Puyo River micro-basin, characterized by trees between 10 and 20 m tall, which means a variable vertical structure that can respond to the dynamics of clearing. This coincides with [@bib19] who stated that variation in height of trees is due to the dynamics of clearing in mountainous ecosystems with high-altitude slopes and marked floristic differences between the forest\'s strata. These results indicated the state of succession of the vegetation patches, due to the presence of natural and anthropic factors. The trends observed are similar to those reported by [@bib38] and [@bib3].

The distribution presented in the diameter classes, determined by the largest number of individuals in the lower classes, and the absence of trees in some upper classes is due to the characteristic of a contemporary forest that has suffered due to anthropic and natural factors, which is representative of a natural forest that is heterogeneous or has a high tendency to be heterogeneous ([@bib10]). The results obtained in our investigation coincide with what has been described by various authors ([@bib6]; [@bib12]; [@bib19]). According to numerous researchers ([@bib29]; [@bib44]; [@bib49]) the pattern of diameter structure found could be associated with the presence of mixed populations of different growth rates, ages and successional states, as well as competition between individuals for the resources, land use changes and, fundamentally, selective logging of timber-yielding trees. On the other hand, [@bib29], [@bib33], [@bib3] and [@bib20] state that the diameter distribution of individuals is presented in the form of an inverted J when one deals with native forests or in recovery processes after having suffered from the felling of trees of commercial interest. The extraction of wood due to selective logging is considered one of the aspects that is most responsible for this forest\'s diameter structure. This has not only diminished the presence of adult trees, but has also affected natural regeneration. It is therefore clear that the pattern observed indicates a low reproductive potential of the species recorded. These characteristics are typical of disturbed forest communities in a state of succession ([@bib3]; [@bib41]; [@bib73]; [@bib77]), where the largest number of individuals present were in the lower class. The total absence of trees in certain larger-sized classes (70--80 cm), is noteworthy and implies that trees of commercial interest had been pruned. Meanwhile ([@bib54]), reported that one aspect that greatly influences the presence of small or medium diameters is the occurrence of many natural clearings, caused by several trees falling due to strong winds, landslides or the natural dynamics of the forest, such as high rainfall and density. The pattern found in the diameter classes is due to the natural and anthropogenic changes that frequently occur in the study area. In the context of large conservation and restoration initiatives for forests in a state of succession, the identification of aspects related to structure can serve as a key element for such activities.

The predominance of species in the social class of co-dominant trees indicated a characteristic pattern of heterogeneous forests ([@bib48]), where the highest abundance of trees is to be found forming the general level of the tree canopy. However, the presence of few species in the social class of dominant trees is given by the nature of the species and the presence of natural phenomena, such as the opening of clearings ([@bib49]). Taller individuals take advantage of this by filling the open spaces from above and expanding their canopies. The presence of trees in different social classes (dominant, co-dominant and suppressed) indicated that the forest is growing in patches, such that these differently-sized patches are at various phases of the forest\'s growth cycle ([@bib3]; [@bib25]; [@bib64]). This is even more the case if one considers the strong pressure to which they have been subjected.

These results obtained in terms of relative social position index allowed us to identify the predominance of a pattern of vertical distribution not continued in the study area. This makes the species vulnerable to future scenarios of environmental changes, which are very propitious in the upper Puyo River micro-basin and include: landslides, strong winds, land use changes and deforestation. Therefore, these species were considered to be in decline in the vertical structure of the community, driven by the disturbances, with low reproductive potential. This suggests the need to look for strategies to guarantee natural regeneration according to which ecological group they belong to (pioneers or tolerant of shade).

The factors that may have influenced species predominance in a single forest stratum (78%) are: availability of nutrients, high competition for the presence of pioneer species, growth rates, mortality and the dynamics of the forest itself. This affects the state of development of the species, so that their growth in some study areas could be limited and prevent them from forming part of the higher forest strata. These results are in line with the criteria of [@bib1]; [@bib9]; [@bib33]; and [@bib38]. Meanwhile, [@bib3] states that these characteristics correspond to different ecological requirements of the species and their ability to compete with others for the availability of resources. It is worth mentioning that a species has its place strengthened in the vertical structure of the forest when it is represented in the three substrata, however, its presence in the climatic stage will be uncertain ([@bib22]). The results obtained in relation to the relative social position provided pertinent information about the floristic composition and permanence of the species in the different substrata, as well as the role that the species play in each of them, indicating the existence of a low reproductive potential of the species. This suggests that one must act in order to assist the permanence of the species in the three strata of the forest, through special forestry techniques aimed at natural regeneration, collection of fruits and seeds for the promotion and subsequent enrichment of the forest in most of the species reported in this inventory. The exceptions to this are *Wettinia maynensis, Alchornea glandulosa, Inga velutina* and *Dacryodes olivifera*, which apparently reproduce without difficulty. Given there is no risk to their permanence in the climatic stages, it is not necessary to channel silvicultural actions towards helping this small group.

The reported variation in the mixing ratio by diameter classes (1:1/1:5) indicated an average of approximately 1--5 individuals per species. This situation showed the high degree of mixing as a reflection of the tree species\' heterogeneity ([@bib49]; [@bib50]). However, it is remarkable that there was a certain degree of alteration in some diameter classes with a lower proportion than what was previously reported for Amazon forests ([@bib3]). This parameter describes the horizontal structure of the forest and allowed us to gain insight into the mixture\'s intensity, or in other words, the way in which the individuals of the different species are distributed within the forest according to diameter class. From this, one can infer that the study areas are characterized by a heterogeneous environment, with a certain degree of alteration in the diameter classes, represented by a high species richness as a result of the historical succession that the study stands of this tree community have undergone.

The high percentage of species (84.62%) with low ecological importance value indicate that though there is high species richness that actually makes up a minor component of the forest ecosystem and accordingly has a relatively low ecological importance index. The variation found in frequency and relative abundance was explained by the presence of rare species in the study areas that generally register low abundance ([@bib3]; [@bib64]). In contrast, dominance was determined by the basal area occupied by some species ([@bib21]). The IVI was strongly influenced by the presence of large individuals. Such is the case of *Ficus paraensis,* which presented one of the highest IVI values and had only four individuals, two of which had diameters greater than 45 cm. The above coincides with data reported in tropical forests where a few tall trees with large diameters are those with the highest IVI within the forest ([@bib25]). The high ecological positions achieved by some species such as *Miconia splendens, Piptocoma discolor, Inga velutina* and *Inga multinervis* are due to a predominant pattern of disturbances in the area causing these species to colonize open spaces. These species can be considered heliophytes of secondary forests. They were characterized by their high abundance in areas of small clearings with low basal area ([@bib49]). The pioneer species of secondary forests that are typical of ecological succession can be considered as indicative of the changes that have occurred in the forest areas of the upper Puyo River micro-basin. This corresponds to what was stated by [@bib71], namely that the IVI values may be a reflection of the anthropization that some species of commercial interest are subject to. [@bib7] indicated that forest degradation affects structural parameters and depends on the characteristics of the disturbed site ([@bib57]). The ecological value presented by many pioneer species in this research is a reflection of the structural attributes (abundance, dominance and frequency). The structural behavior determined by the greater value of importance for the *Wettinia* genus was similar to that observed by [@bib19] and [@bib32], who reported high ecological importance for this floristic group within the ecosystem. This contrasts with [@bib14], who found that the IVI in a Secoya community in Sucumbíos province, Ecuador, was represented more by *Iriartea deltoidea*. Whilst it is true that this appeared in our study area, it had very low values due to its abundance. In areas of lower altitude, [@bib38], [@bib56] and [@bib69] also reported *Irialtea deltoidea* as a species of greater ecological importance. These contrasts could be due to the distribution pattern of palm species determined by an altitudinal gradient where apparently the genus *Wittinia* occupies the higher parts and *Irialtea* the lower. This provides key information for decision-making in relation to forest management and conservation.

The relationship found between the abundance of species and the study areas, through the analysis of the main components, agrees with that expressed by [@bib39], who stated that the distribution of the species allows one to evaluate the relationship established between the areas, the species and some variables of the environment. One is able to establish which species reached the highest abundance values in environments with certain levels of disturbance.

Variation in species abundance indicated that this is a forest that comprises different stages of plant succession, ranging from early and intermediate to more advanced stages. The factors that explain the wide distribution of species by transects were: location, accessibility, state of succession, level of disturbance and the heterogeneity (fragmentation) of the environment. The T5 site, recognized by its highest abundance of species, was less accessible, located in the highest part beside the river bank (the other sites were on the other side of the river), with medium disturbance, a more advanced state of ecological succession and more isolated fragments or patches of vegetation with some discontinuity. [@bib24] indicated that species composition tends to be different between successional stages. [@bib63] and [@bib74] showed that the abundance of species is greater in areas where succession is more advanced until the moment in which it begins to decline. The average degree of disturbance corroborates the hypothesis of intermediate disturbance outlined by [@bib18], where the opening of clearings in the forest and the ability of certain species to thrive favor a much higher level of diversity than the absence of disturbance does. In these places, there will always be newly disturbed sites (clearings) typically occupied by pioneer species, and others of intermediate age and closed canopy (occupied by non-pioneer species). [@bib7] indicated that vegetation fragmentation allows for greater species richness, because it creates more distinct habitats to occupy. These results correspond to those obtained by [@bib71] in forest areas with different levels of disturbance, and [@bib56] in an evergreen foothills forest in the Piatúa River basin, Napo, Ecuador. In our study, it is remarkable how in the transects that showed a higher level of disturbance due to natural or anthropic factors, there was a greater abundance of species, although they were generally pioneer species typical of secondary forests that have the characteristic of colonizing disturbed habitat. The presence of pioneer species such as those mentioned in this research project are similar to those reported by [@bib56]. It is worth noting the results obtained from the ecological structure of the evergreen foothills forest, as they reflect the practices of land use and changes that have occurred in the ecosystem.

The low values for structural ecological quality index proposed by the authors of this work reflect the constant disturbances and the historical succession that the stands in this area have undergone. The index resulted in a low value of 1 for this evergreen Amazonian-Andean forest presented. This is a result of the anthropic and natural disturbances that have led to the rupture of the ecological parameters that make up the forest\'s horizontal and vertical structure. The rupture is due to the low species representativeness in the forest substrata, a predominance of trees of low diametric structure, alterations in the mixing ratio and the low impact of the ecosystem\'s species richness. Hence, it is essential to understand the role played by successional processes and to determine the limits of anthropic disturbance ([@bib36]). In this sense, [@bib7] pointed out that the loss of structural and functional attributes requires actions that allow for the recovery of some desirable properties of the original ecosystem. Consequently, restoration is necessary in order to allow this important forest reservoir\'s functions and ecological structure to recover. This index is widely applicable to forest ecology, and could be important to for decision-making in forestry programs, since it provides valuable information to guide management and restoration actions in areas with high potential for Amazonian biodiversity that have been altered mainly by the intensity of selective logging.

5. Conclusion {#sec5}
=============

The micro-basin of the Puyo River is a relatively diverse ecosystem, with a low structural and ecological quality index, due to the fact that a large part of the species richness was represented by a minority and the diversity of the ecosystem is mainly grouped in the 10--20 m height classes. This made it possible to evaluate the degree of forest succession and therefore, to suggest actions for its restoration.

We identified the predominance of a discontinuous vertical distribution pattern that estimates a high amount of species whose presence has diminished in the community\'s substrata and had low reproductive potential. This suggests that it is necessary to search for strategies to guarantee natural regeneration in line with the ecological group to which they belong. The species *Wettinia maynensis, Alchornea glandulosa, Inga velutina* and *Dacryodes olivifera* had the best relative social position indices.

The ecological importance of the species, represented by IVI values, suggest that the species with the highest ecological weight are *Wettinia maynensis, Alchornea glandulosa* and *Miconia splendens*. It was shown that many of the species that obtained high ecological positions (*Miconia splendens, Piptocoma discolor, Inga velutina* and *Inga multinervis*) are characteristic of secondary forests, so they could be considered indicators of environmental changes. The results allowed us to identify key species (those with the greatest abundance) as contributors to biodiversity in this Amazonian-Andean forest in the upper Puyo River micro-basin.

It was verified by analyzing the main components that the most disturbed sites (T1, T2, T4 and T5) are generally associated with a group of pioneer species typical of late secondary forests that have the characteristic of colonizing disturbed habitat. It was also found that in the areas with a more conserved pattern (T3), typical species of the evergreen foothills forest predominated.
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